The current environment has a strong impact on the rise in population body weight as it provides ample opportunity to consume food, often beyond one's metabolic requirement. The homeostatic processes that regulate food intake are often overlooked or weakened in such an environment, particularly among susceptible individuals. Moreover, there is strong circadian control over food intake and the circadian system is tightly entwined in body weight regulation. Clinical nutritional and behavioral strategies can strengthen homeostatic signals of satiation and satiety and improve appetite control. Synchronizing the circadian system through exercise and regular sleeping and meal patterns may also enhance these signals. Together, these strategies can help reduce overeating episodes, particularly among susceptible individuals, and may play a role in better long-term body weight regulation.
Introduction
The current environment is characterized by an unlimited amount and opportunity to eat a wide variety of lownutrient, energy-dense foods. As a consequence, overconsumption is common and implicated in the gradual increase in population body weight [1] . Individual day-to-day food intake is represented by a succession of eating episodes which are differentiated by key features such as frequency, size, composition and timing. All of these features can play a role in excess energy intake. The driving forces that control overall food intake, and hence overconsumption, are complex and involve psychobiological processes that maintain body energy stores and nutrition (homeostatic), that motivate eating high energy dense foods (hedonic), and that ensure appropriate timing of ingestion (circadian system) [2] . In the context of obesity and overconsumption, the homeostatic drivers of food intake are of high interest. In addition, this 'obesogenic environment' implies that not all individuals become obese in this environment and emphasizes the need for specific strategies to prevent weight gain, particularly in more susceptible individuals. One strategy could be to develop an intervention to enhance the homeostatic signals and circadian control of food intake with the aim to improve satiation and satiety, and thereby reduce the risk of overeating. This article will briefly discuss the homeostatic and circadian control of food intake, describe individuals at risk for overconsumption and suggest clinical strategies to enhance these biological processes, to reduce the risk of overconsumption and ultimately, to prevent weight gain.
Appetite Control

Short-Term and Long-Term Homeostatic Appetite Control
Homeostatic control of appetite involves various physiological processes that initiate and terminate feeding (satiation) and suppress inter-meal hunger (satiety) in order to regulate body weight. This discrete feeding cycle has previously been labeled the satiety cascade [3] . Sensory information derived from chewing and tasting, i.e., the cephalic phase, provide early neural and humeral responses to feeding, such as the release of pancreatic hormones [4] and could produce a very early satiation response [5] . Then, gastric distension, influenced by food volume, also creates an important early satiation. Mechanoreceptors in the stomach relay information to the brain via sensory afferents [6] . Prior to full gastric distension, the stomach empties into the intestine at a rate inversely related to the energy content of the meal [7•] and nutrients in the gut trigger the release of satiation peptides [8] . Neuropeptides and neurotransmitters elicit endocrine and neural actions and transmit information to the central nervous system to initiate, maintain or terminate feeding (for more details see [7•, 8] ). Some of these peptides and neurotransmitters influence appetite through increasing dietinduced thermogenesis via activation of the sympathetic nervous system [9] . Taken together, oro-sensory, gastric and intestinal signals, which represent episodic control, interact on their effect on early satiation in humans [10] . Although some of these processes are not strictly under homeostatic control, i.e., gastric distension, the energy content of the meal does effect early satiation [7•] . In addition, these meal-related humeral signals can be modulated by the more tonic, or long-term, homeostatic signals which are influenced by body energy stores, namely leptin, insulin [11, 12] , and ghrelin [13] . For example, there are synergistic effects between leptin and both cholecystokinin (CCK) and GLP-1, gut peptides involved in satiation [14, 15] . Insulin has also been shown to enhance the effect of CCK [16] and GLP-1, an incretin hormone, i.e., is activated by nutrients to stimulate the release of insulin [17] . These select examples of the interaction between short-and long-term control lay the foundation for intervening on a meal-by-meal basis in the prevention of overconsumption and, in turn, weight gain.
Circadian Control of Food Intake
The circadian system is often neglected in appetite research yet there is a direct relationship between the control of food intake and the biological clock [18] ; feeding is highly cyclic and constricted to the daytime. Feeding and regular meal times can even adjust circadian rhythms [19] . In addition, many aspects of appetite control follow ultradian, recurrent cycles throughout the day, and circadian rhythms. The secretion of ghrelin is a good example of this. This orexigenic hormone is involved in food intake and has a distinct preprandial peak followed by a postprandial decline [20] proportional to the ingested calories [21] . Ghrelin secretion is highly influenced by the timing of habitual eating patterns and oscillates despite the lack of external food and timing cues [22] which persist even during 24-h or fasting, i.e., in the absence of meals [23] . In addition, there is evidence that ghrelin secretion can be entrained in humans by varying meal patterns [24] . Besides ghrelin, other appetite-related hormones show both ultradian and circadian rhythms, e.g., leptin [20] , pancreatic peptide (PP) [25] , gastric inhibitory peptide [26] . It has also been proposed that food consumed in the morning is particularly satiating compared to food consumed in the evening [27] [28] [29] . Accordingly, the rate of gastric emptying for solids was reported to be higher in the evening compared to the morning [30] . These results provide evidence that internal biological factors can influence feeding through circadian control, regardless of nutritional status, and that factors mediating satiation and satiety may be more effective at different times of the day. Moreover, individuals with altered circadian rhythms are more susceptible to poor appetite control, and consequently, overeating [31, 32] . The disruption of the circadian system has homeostatic implications as it has been considered a novel factor in the aetiology of obesity [33•] and has metabolic and cardiovascular consequences [34] . These results indicate the circadian system has a strong influence on eating, satiety and homeostatic processes.
Susceptibility to Overeating -Are we all Equal?
Not surprisingly, obese individuals show differences in the humoral control of appetite. Leptin and insulin resistance are common in obesity and, considering their important functions in homeostatic processes, may play a role in poor appetite control [11] . Moreover, administration of ghrelin has been shown to stimulate eating more in the obese than the lean [35] , and the former also show an attenuated postprandial decline in ghrelin [36] . Thus, the obese state, per se, is associated with an internal physiology that likely influences, if not leads to, poor appetite control and overconsumption.
It is not only the obese state that may interfere with appetite control. The 'low satiety phenotype' (LSP) are individuals who report difficulties in recognizing their appetite sensations either before or after a meal [37, 38] . This phenotype encompasses individuals with a large range of body weights [37] and not all obese individuals present this phenotype [39] . These individuals have been characterized with increased perceived anxiety and with a blunted cortisol response to a meal [39] . Weakened appetite signals among these individuals can increase their susceptibility to overeating [40, 41] .
Restrained individuals, i.e., those with a constant cognitive control over food intake, could represent another vulnerable phenotype to overeating [42] . There is evidence of reduced satiety efficiencies and reduced satiety among restrained females [43, 44] . Others, however, have reported no relationship between restraint and self-reported appetite sensations or energy intake after a standardized meal [38, 41, 45] . Although inconsistent, some studies [46, 47] , have shown a relationship between dietary restraint and weight gain, suggesting that restriction could be a difficult behavior to maintain and may trigger overeating episodes.
There is evidence that individuals with high disinhibition, i.e., overeating tendencies [48] , have abnormalities in self-regulation of eating [49, 50] and show a reduced reported satiety response to a meal when overfed [51] . Association studies have also shown that individuals with diminished satiety responses (LSP) are characterized by increased measures of disinhibition [38, 39, 52] . In addition, a blunted CCK response to a meal was reported among women with both high dietary restraint and disinhibition [53] -an unhealthy eating behavior trait which is also associated with higher body weights, particularly with rigid control over eating [54] .
Individuals reporting short sleep duration and poor sleep quality could also be at higher risk of overeating. Lack of sleep is directly related to hormonal changes favoring increased appetite [55] and may impair the action of leptin [56] . Sleep is also consistently related to higher body weights [57] . Additionally, there is a strong two-way relationship between sleep and circadian synchronization and circadian dysregulation could mediate the effects on appetite. Indeed, sleep loss can attenuate the circadian profile of leptin [58] . Moreover, individuals who eat at night or present the night eating syndrome (NES) [59] , a phenotype characterized by a circadian delay in food intake, report low appetite in the morning and increased late-night cravings [60] . They also show a blunted appetite response to a test meal, particularly in the evening [31] and attenuated insulin, cortisol and ghrelin profiles [61] .
These data indicate that some individuals are more prone to overeating than others. These phenotypes, and certainly others, present signs for reduced appetite sensitivity, but they are not an essentially characteristic of a weakened appetite control. In the current 'obesogenic environment', it is imperative to limit overeating as it may further perpetuate dysfunction in the satiation/satiety control system, creating an unhealthy cycle of poor control on food intake. Indeed, overeating increases circulating leptin levels [62] , which may lead to leptin resistance [63] and deplete ghrelin profiles [64] . Also, the satiety insensitivity to overconsumption observed among reduced-obese individuals compared to thin controls is an indication that some aspects of satiety may not improve with weight loss [51] . Specific strategies that focus on enhancing internal appetite sensations could be particularly important for individuals expressing a phenotype more susceptible to overeating.
Preventing Overconsumption in the Obesogenic Environment?
The answer to this question is not simple considering that food intake is under the influence of homeostatic, hedonic and circadian processes. While it is impossible to completely eliminate environmental cues, one approach to prevent overconsumption is an intervention aimed to enhance homeostatic signals of satiation and satiety and to entrain appetitive rhythms. Such an intervention is attractive for individuals with an underlying susceptibility to overeating or in a weight loss context where appetitive changes, such as decreases in leptin, insulin, and increases in hunger, increase the risk of overeating and weight regain [65] [66] [67] . The objective of this intervention would not necessarily be "weight loss" per se, but rather an increase in appetite sensation feelings to help control energy intake at each eating occasion. The following section will present nutritional strategies and behavioral approaches that could be included in an intervention that targets homeostatic and circadian control of eating, with specific attention to satiation and satiety.
Clinical Strategies to Prevent Overconsumption
Nutritional Strategies to Decrease the Risk of Overeating
Food composition can influence the control of eating. Protein is widely known to be the most satiating macronutrient [68] . There is now convincing evidence that meals high in protein are more satiating in the short-term when compared to meals lower in protein, i.e., they prolong satiety, and reduce energy intake at a subsequent meal [69] . Consuming a minimum of 20 g of protein 30 minutes before a meal seems to represent the most effective strategy to enhance satiety, with seemingly no effect of protein on satiation [70] . However, the impact of protein on satiation has not been overly studied and more research is needed. Over the long term, even though the impact of a high protein diet on weight loss is not superior to other diets [71] , recent evidence indicates that the use of a high protein diet could be an effective strategy to prevent weight regain [72, 73] . Moreover, the effect of protein on satiety is nutrientspecific (different proteins cause different effects) and seems to be due to increased diet-induced thermogenesis, specifically with animal protein [74] , and/or their influence on meal-induced anorexic gut peptides (GLP-1 and PYY release) [75, 76] . Thus, ingesting protein before or in a meal may represent one important nutritional strategy that can be used to enhance satiety.
Food properties can also play an important role in influencing satiation and satiety. The short-term impact of energy density (energy per unit weight) on satiation, satiety and energy intake is the most studied nutritional strategy in this category [77] . Because individuals tend to eat a consistent weight of food, reducing the energy density will spontaneously reduce the energy intake of the meal [77] . With respect to satiety, low energy dense foods can be used to reduce energy intake at a subsequent meal. For example, eating a low energy dense soup or salad before a meal (15 to 20 min) has been shown to reduce food intake during the meal [78, 79] . Variations in energy density can be easily achieved by manipulating the proportion of fruit/vegetable in or at a meal since they contain more water and fiber. The mechanisms underlying the response to variations in energy density are not well understood but could involve sensory factors related to food volume which influence gastric distension and gastric emptying rate, or cognitive factors, such as beliefs about the satiating capacity of different foods [77] . In summary, this strategy effectively increases satiation and satiety and decreases energy intake and thus, could prevent overeating episodes.
Other food properties or functional agents can influence satiation and satiety and/or create a spontaneous decrease in energy intake. Even though for some there is less evidence, or even contradictions, their potential influence on homeostatic control of food intake merits some attention. Table 1 describes these food properties and functional agent as well as the suspected underlying mechanisms. Among these are pre-and probiotics and their potential role in body weight management. It has been hypothesized that gut microbiota may influence appetite and satiety through a brain-gut axis [80] ; gut microbiota can activate vagal sensory neurons that influence gastrointestinal motility and feeding behavior centrally [81•, 82, 83] . In line with this hypothesis, supplementation with prebiotic inulin-type fructans (1 to 12 weeks) can influence appetite sensations, such as fullness and hunger, as well as satiety gut peptides (mainly GLP-1 and PYY) [84] . The impact of probiotics on appetite control has been less studied, yet some clinical interventions have found a beneficial effect in body weight management and glycemic control [85, 86] . The evidence is limited but the hypothesis of gut microbiota effecting appetite control through the gutbrain axis merits further research to determine their specific role as functional agents and the right posology (quantity, timing, etc.) that influence satiation and satiety. The later is also an issue for other food components or functional agents. The potential negative side effects on health of some functional agents, e.g. increased blood pressure with caffeine [87] , should also be considered.
In addition to the individual impact of these nutritional strategies on appetite control, the cumulative effect of more than one strategy in a meal/food on satiation and satiety is also attractive. Our laboratory has tested the impact of a palatable yet satiating meal, a meal that includes the maximum number of nutritional strategies known to influence appetite and food intake, on satiety and spontaneous energy intake in healthy men [88] . The satiating meal was high protein (32% of total energy content), low energy density (1.25 kcal/g), high fiber (9g), and contained a combination of vitamins and minerals (specifically calcium), and spices • Polyunsaturated fatty acids (e.g., omega-3)
• Thermogenic effect [133, 134] • • Thermogenic effect [87] • Caffeine
• Thermogenic effect [87] • Catechins -green the • Thermogenic effect [87] (e.g., capsaicin). As a main course, this satiating meal decreased hunger and increased fullness after the meal and decreased energy intake at the subsequent meal (ad libitum dessert) (-744 kJ) more than a control meal, with no energy compensation at the subsequent meal. Most notably, these effects were observed without compromising the palatability of the functional food. This point is very important since palatability is known to be an important determinant of food intake in humans [89] and developing palatable yet satiating foods can be very challenging [90] . Over the long term, the consumption of a highly satiating diet (one satiating meal/ day for 16 weeks) also resulted in greater weight loss, improvements in body composition, and favored adherence compared to a conventional healthy control diet [91] . Moreover, the highly satiating diet improved satiety efficiency which was accentuated among those characterized with a weak baseline satiety response (LSP), despite similar weight losses between the two phenotypes. Thus, the satiating meals/diet seem to improve satiety signals beyond what would be expected with a conventional healthy diet, and moreso in a vulnerable phenotype such as in the LSP. Taken together, the available literature suggests that many food components, food properties or and functional agents could help reduce the risk of overeating. The effects of a highly satiating meal/diet reveal that combining different satiating strategies can improve satiety efficiency, particularly in more vulnerable phenotypes. Over time, this could result in fewer episodes of overeating and a gradual improvement of long-term body weight regulation.
Behavioral Strategies in the Prevention of Overeating
In addition to nutritional strategies, behavioral strategies, such as exercise, sleep and regular meal patterns, could be used to enhance homeostatic control, both in the short-and long-term, and could influence circadian control of eating and homeostatic hormone profiles.
Physical Activity
In the 1950s, Mayer hypothesized that exercise can indirectly influence energy intake through its effect on appetite control [92] . Although the biological and behavioral responses to exercise are variable [93] , there is a general consensus that exercise has either no effect or can induce a transient post meal suppression of appetite (hunger), even if this does not necessarily translate into a decrease in subsequent food intake [94] . Evidence also shows that, contrary to what may be expected, few intervention studies report an increase in energy intake after exercise, with the majority reporting no effect [95] . In fact, regular physical activity can improve appetite control sensitivity and regular exercisers are better than nonexercisers at detecting differences in preload energy content [96] [97] [98] . Exercise may even have a dual impact on appetite control. Accordingly, a 12-week exercise program increased fasting and daily hunger and increased immediate and delayed satiety quotients, a marker of satiety efficiency, independent of weight loss [99] and which was mediated by changes in appetite peptides [100] . As suggested by King and colleagues [99] , exercise may increase in the overall (orexigenic) drive to eat and a concomitant increase in the satiating efficiency after a fixed meal, thus increasing sensitivity to appetite control.
The mechanisms by which exercise improves appetite control are not fully understood. Alterations in gastric emptying rate, gut peptide secretions and substrate oxidation may be involved [94] . Although somewhat inconsistent and understudied, acute strenuous exercise may delay gastric emptying rate whereas exercise at lower intensities may increase it [94] . Some studies found a decrease in AG (acylated-ghrelin) after exercise and a post-exercise increase in the anorexic peptides peptide YY (PYY), GLP-1 and pancreatic polypeptide (PP) [99] . Moreover, exercise-induced changes in substrate metabolism (i.e., fatty acid or CHO oxidation) are another possible explanation of the impact of exercise on appetite control (for more details, see [94] ).
Exercise could also affect appetite indirectly through circadian synchronization. A recent study has shown that increased physical activity is beneficial to circadian synchronization in children (higher bedtime melatonin concentrations and a more efficient reduction in oral body temperature) [101] . Exercise may also act as a zeitgeber, i.e., it can entrain the circadian rhythm by producing either phase advances or phase delays depending on the timing [102, 103] . Along these lines, a 12-week exercise intervention has been shown to increased morning (fasting) acylated ghrelin levels with a concomitant increase in hunger during this time [100] . Although increasing hunger sensations in the general obese population may not be beneficial, increasing morning hunger sensations in individuals who have a delayed pattern of eating such as in those with NES may aid in shifting energy intake to earlier daytime hours and/or enhance satiety efficiency among those with a reduced satiety responsivity.
Exercise, through the modulation of gut peptides, gastric motility, substrate oxidation and circadian rhythms, may enhance sensitivity to appetite signals which is noteworthy when considering an intervention aimed to decrease overeating susceptibility among individuals with altered appetite responsivity. However, because there is variability in energy-related responses to exercise, it is important to keep in mind that the beneficial impact of exercise on appetite control may not be observed in all individuals. Yet, exercise can still improve other aspects of health, including preventing some negative effects induced by some functional agents (e.g., increase in blood pressure with caffeine) [87] . Physical activity can play a role in modifying feeding behaviors and in enhancing internal signals of appetite control.
Sleep Patterns
Recent cumulative evidence also suggests that sleep patterns should also be considered in appetite control as sleep affects both homoeostatic and circadian systems. Recent studies indicate that insufficient sleep decreases plasma leptin levels, increases plasma ghrelin and cortisol levels, alters glucose homeostasis and activates the orexin system, all of which affect appetite control [104] . Accordingly, short sleep duration, per se, is cross-sectionally and prospectively related to increased body weight and body weight gains (see [57] for review) and lack of sleep also seems to compromise the efficacy of weight loss dietary intervention [105] . Although there exist few (if any) interventions which aim to increase sleep duration or to enhance sleep quality, a recent epidemiological study has shown that increasing sleep duration over time is protective against gains in adiposity [106] . If shortduration sleep and reduced sleep quality have a consistent negative impact on appetite control and body weight, it can be hypothesized that improving these, if possible, may have beneficial effects on homeostatic and circadian aspects of appetite control. However, to our knowledge, this has not yet been studied. It should be noted that because sleep is so tightly linked with the circadian system, it is difficult to tease apart their independent effects on health [107] and what enhances sleep will likely enhance circadian synchronization and vice-versa.
Regular Eating Patterns
Although an understudied area, meal patterns and timing may also influence appetite control. Eating during times of reduced satiety responsiveness, i.e., in the evening, when food intake during this time increases overall daily intake [28] and when satiety responsiveness is low (see section on circadian control of food intake), has been associated with obesity [108, 109] . In addition, overeating without strict meal times has been shown to obliterate the preprandial ghrelin surges in sheep [64] and grazing, i.e., continuous eating [110] , reduces hunger in humans without reducing energy intake [111] . Since ghrelin is a key hormone in meal initiation, this irregular eating pattern could weaken appetite control. On the contrary, because preprandial rise in ghrelin is determinant of habitual meal patters and it can be entrained [24] , it could be hypothesized that structuring regular meal times, particularly to daytime periods, could help entrain appetite hormones, enhance appetite sensations and phase-shift feeding to earlier times. This is a novel concept, but not without some evidence. One group has observed increased diet-induced thermogenesis and lower energy intake with reduced meal-related insulin responses in regular vs. irregular eating patterns [112] . However, the reduction in energy intake was not replicated in an additional study [113] and in both studies, there were no differences in subjective appetite sensation responses to a meal yet appetite peptides were not measured. Although structuring meals in a temporal manner in order to enhance appetite sensitivity remains to be tested, irregular eating episodes may be deleterious to appetite control and energy intake among individuals who already express low perceived appetite sensations.
These results indicate that exercise, and regular sleep and eating patterns combined with satiating nutritional strategies has the potential to influence homeostatic and circadian control of food intake and prevent overconsumption. As depicted in Fig. 1 , short-and long-term processes involved in energy homeostasis influence food intake. These processes can be influenced, in turn, but the circadian system and which can potentially be enhanced through the aforementioned behavioral strategies.
Targeting Internal Biological Processes to Prevent Overeating: Is it Enough?
Preventing overeating solely through homeostatic and circadian processes seems only to represent one part of the solution. It is largely recognized that the hedonic system is implicated in overeating, particularly in the current environment of unlimited access to a high variety of highly palatable and energy dense foods [114] . Even when sated, Fig. 1 Factors involved in short-term and long-term control of food intake influence overeating. Some of these factors are also under circadian control, which indirectly implicates the circadian system in overconsumption. Specific behavioral strategies that focus on appetite control and the circadian system may help reduce the extent and frequency of overconsumption individuals will continue to eat palatable foods [115] . Thus, an imbalance between the hedonic and homeostatic processes favoring the former is also likely to play a large role in passive overconsumption [1] . Thus, trying to reduce overconsumption should also implicate hedonic pathway. Lastly it is important to emphasize that because satisfaction during and after a meal results from a complex interaction of internal and external environmental factors [116] , adequate prevention of overeating also requires the presence of psychological strategies aimed to increase the awareness of satiation and satiety [117, 118] . Thus, a multidisciplinary approach targeting both homeostatic and hedonic processes as well as circadian control may increase the likelihood of preventing overeating.
Conclusion
In a context where there are many opportunities to eat beyond our bodily needs and where our obesogenic environment is part of our industrialized society, it is important to develop specific interventions that have the potential to enhance internal control of food intake. This is particularly important in more susceptible phenotypes such as the low satiety phenotype, disinhibited individuals or night-eaters. The results presented in this article indicate that nutritional and behavioral strategies have the potential to influence short-term and long-term homeostatic signals and possibly circadian rhythms. Combined in one specific intervention, these results suggest that it has the potential to enhance homeostatic and circadian signals, to improve satiation and satiety and thus decrease the risk of overeating. More clinical research on the short-and long-term impact of these combined strategies on appetite control and weight gain is needed, particularly in more susceptible phenotypes.
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